Abstract. Comparisons are made between horizontal wind measurements carried out using a VHF-radar system at Aberystwyth (52.4°N, 4.1°W) and radiosondes launched from Aberporth, some 50 km to the southwest. The radar wind results are derived from Doppler wind measurements at zenith angles of 6°in two orthogonal planes and in the vertical direction. Measurements on a total of 398 days over a 2-year period are considered, but the major part of the study involves a statistical analysis of data collected during 75 radiosonde¯ights selected to minimise the spatial separation of the two sets of measurements. Whereas good agreement is found between the two sets of wind direction, radar-derived wind speeds show underestimates of 4±6% compared with radiosonde values over the height range 4±14 km. Studies of the characteristics of this discrepancy in wind speeds have concentrated on its directional dependence, the eects of the spatial separation of the two sets of measurements, and the in¯uence of any uncertainty in the radar measurements of vertical velocities. The aspect sensitivity of radar echoes has previously been suggested as a cause of underestimates of wind speeds by VHF radar. The present statistical treatment and case-studies show that an appropriate correction can be applied using estimates of the eective radar beam angle derived from a comparison of echo powers at zenith angles of 4.2°a nd 8.5°.
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Introduction
During the past two decades considerable attention has been paid to the use of stratospheric-tropospheric radars to improve our understanding of mesoscale processes and to contribute to numerical weather forecasts. To date, the use of such radars has been largely limited to individual sites, but networks are presently under study or construction, and even in operation in the USA (Strauch et al., 1984, Seraphin and Dabberdt, 1990 ) and in Europe (HaÈ senjager, 1990 ). The relevant measurements provided by such radars are the height pro®les of the horizontal wind vector and vertical velocity, and information on turbulent and layered structures. Previously, operational wind observations have depended on the tracking of weather balloons. It is, therefore, natural in assessing the performance of wind pro®ler systems to make comparison with radiosonde measurements. Several such comparisons have been carried out at a range of latitudes (Green et al., 1975; RoÈ ttger et al., 1978; Warnock et al., 1978; Ecklund et al., 1979; Balsley et al., 1979; Farley et al., 1979; Crane, 1980; Fukao et al., 1982; Larsen, 1983; Weber and Wuertz, 1990; Astin and Thomas, 1991; May, 1993; Steinhagen et al., 1994) . However, the majority of these comparisons have been based on radar and radiosonde wind measurements separated by several tens of kilometres and the major discrepancies between these measurements have been attributed to dierences in time and space, as demonstrated by intercomparisons of radiosonde measurements (Jasperson, 1982; Kitchen, 1989) . In addition, discrepancies might be expected from dierences in the sampling procedure used by the two techniques and from errors of measurement. The radiosondes make measurements at various heights at dierent times and locations whereas radar measurements provide wind velocities over a range of heights simultaneously; the two approaches can be concerned with dierent spatial and temporal scales; and errors can arise from poor signal-to-noise ratios in the radar signals and from inadequate tracking of radiosondes, both being most serious at the greater heights. Each of these factors could contribute to random dierences between the two sets of measurements. However, evidence has also been found for systematic dierences between the radar and radiosonde measurements (Kessler et al., 1986; Weber and Wuertz, 1990; Astin and Thomas, 1991) , the radarbased values being smaller than those derived from balloons. A discrepancy of similar sense has also been reported by Vincent et al. (1987) from a comparison of spaced-antenna measurements of winds and corresponding radiosonde values. However, before this is considered as the same discrepancy as seen in the comparison of radiosonde and radar Doppler-shift measurements, the relationship between the two types of radio-wind measurements needs to be clari®ed with further tests of the type described by van Baelen et al. (1990) . In fact, Vincent et al. (1987) have attributed the discrepancy in their comparison to the fact that the triangle of receiving stations was smaller than the diraction pattern being observed, and underestimates of wind speed could be expected (Golley and Rossiter, 1970) .
In the Doppler-shift method of deriving horizontal winds, measurements with o-vertical beams in two orthogonal planes are combined with corresponding measurements with a vertical beam. Diculties can then arise from a spatial variation of either the horizontal or vertical wind component, and accordingly small overtical angles might be favoured. However, a common feature of VHF-radar measurements is the enhanced echo power observed in the vertical direction compared with that in o-vertical directions. RoÈ ttger (1981) pointed out that with relatively broad radar beams, this aspect sensitivity of the echo power could cause a discrepancy between the bore-sight radar beam direction and the eective beam direction for relatively small zenith angles, and this could lead to an underestimate of a measured horizontal wind speed. Support for this suggestion was provided by estimates for two days of the horizontal wind component with beam zenith angles of 2°±12°by Tsuda et al. (1986) and by comparisons of radar wind measurements at zenith angles of 4.2°, 6°and 12°with balloon-based measurements in sets of 20±30 balloons for each zenith angle by Astin and Thomas (1991) .
The purpose of the present study has been to examine statistically the underestimate of radar wind speeds from a comparison of wind measurements using a 46.5-MHz radar system at Aberystwyth (52.4°N, 4.1°W) and radiosondes launched from the UK Meteorological Oce station at Aberporth, some 50 km to the SouthWest. The study is based on measurements near 0600 GMT on week days during the period January 1992±January 1994 and includes a range of climatic conditions. Initially, all available data are considered, but in order to examine the possible eect of the spatial separation of the radar and balloon measurements, attention is also concentrated on balloons which travel within 20°of the Aberporth-Aberystwyth direction and also within 5 km of the radar site. Previous studies have shown that large vertical velocities associated with mountain waves are commonly observed at the radar site (Prichard et al., 1995) . The possible in¯uence of such vertical velocities is also examined. The correction for aspect sensitivity of horizontal wind estimates derived using nominal o-vertical beam angles of 6°has made use of power measurements at zenith angles of 4.2°and 8.5°to derive the eective beam angle. Hooper and Thomas (1995) have demonstrated that a combination of power measurements in the 6°and vertical directions over-corrects the radar wind estimates.
Radar and radiosonde measurements
The radar makes use of ®ve transmitters providing a combined peak power of 160 kW with a maximum duty cycle of 5%. The antenna array is made up of 400 fourelement Yagis occupying a square of area 1.1´10 4 m 2 orientated so that the sides are 17.3°anticlockwise from the cardinal compass points. It provides a one-way halfpower beam width of 3°, with a total of 16 possible beam directions. Doppler-shift measurements at zenith angles of 6°in azimuths 27.7°and 297.7°East of North, corresponding to diagonals of the array, and in the zenith direction were used to measure winds. The measurement cycle time was 1.2 min, the spectra being averaged for a period which included the duration of the associated balloon¯ight, about 30±45 min, to give a mean wind velocity pro®le. Only radar measurements with a signal-to-noise ratio in excess of 4 dB were employed. During 1992±1993, the cycle time of measurements was increased to 2.4 min to include signal power measurements at zenith angles of 4.2°and 8.5°in the intermediate azimuth 342.7°East of North in order to examine the aspect sensitivity of the backscatter and, thereby correct the nominal zenith angle of 6°in the wind measurements. The balloon wind measurements were based on the VaÈ isaÈ laÈ RS80 system which involves the radar tracking in elevation, azimuth and range of a balloon-borne corner re¯ector. The 2-year observational period included a total of 474 balloon launches, but owing to diculties arising from poor signal-to-noise ratios of the radar measurements, inadequate time overlap between balloon and radar measurements and restricted height coverage of certain balloons, the comparison of the two sets of measurements is restricted to 398 balloon¯ights. The wind velocities were provided at 150-m height intervals and the comparison of radar and radiosonde wind velocities was based on running averages over 3 height intervals for the two series of measurements.
Comparisons of wind pro®ler and radiosonde measurements

Comparisons on individual days
Figure 1 shows typical pro®les of horizontal wind measured by radiosonde and by radar using vertical and the two 6°beams on two days in July 1993. These relate to cyclonic conditions associated with a low-pressure system located between Scandinavia and Iceland. Those for 27 July in Fig. 1a show that the radar-based values are smaller than those derived from the radiosonde over the height range 3±8 km but indicate better agreement at greater heights; those for 29 July in Fig. 1b show a more intermittent discrepancy at all heights. It is to be noted that no steady oset is shown for all heights, as might be expected for an instrumental error in the pointing angle of the radar beam, and the discrepancies probably arise from a combination of aspect sensitivity and, perhaps, horizontal separation eects.
Comparisons based on all data
The trajectories of all balloons considered in the present study are shown in Fig. 2 . It is clear that although the trajectories were distributed over all directions the majority responded to winds from the NW to SW sector. A comparison of speeds at height intervals of 750 m in the range 4±14 km, derived from all the balloon ights and coordinated radar measurements, is shown in Fig. 3 . The regression line of radar wind speed on radiosonde wind speed is arranged to pass through the origin (0,0) and corresponds to a regression coecient of 0.939 0.002 for the total of 5291 points. The outliers can arise from de®ciencies in the radar measurements, as illustrated for heights near 14 km in Fig. 1b , or from loss of balloon tracking at large ranges. In addition, comparisons carried out by the Meteorological Oce of winds observed from radiosondes launched at Aberporth and a site a few kilometres from the radar site have shown rms dierences of 3±4 m s ±1 for balloon separations of 40 km which implies discrepancies of about 10 m s ±1 or greater on individual occasions (J. Nash, private communication). The corresponding line, re®tted after removal of outliers, is shown in Fig. 4 , these outliers being de®ned as points outside a range of radar wind speeds of 1.66 standard deviations either side of the regression line; for a normal distribution this corresponds to values less than one-quarter of the maximum. The regression coecient is increased slightly to a value of 0.944 0.001 for a total of 5018 points. As noted in Astin and Thomas (1991) , for smaller samples of data, the comparison of wind directions derived by the two techniques showed very good agreement, both on individual days and statistically, with regression coecients near unity.
Comparison based on data for balloon trajectories within 20°of Aberporth-Aberystwyth direction
In order to examine the possible in¯uence of spatial variations in winds, a similar regression analysis was carried out for days during which the balloons passed within 20°of the Aberporth-Aberystwyth direction, corresponding to a horizontal separation of up to 18 km about this direction near the radar site. With this selection, a total of 75 days was included in the comparison, and in order to provide a comparable number of data pairs as in Sect. 3.2, wind measurements at 150-m intervals were considered. A comparison for the 4±14-km height range, after outliers have been removed as previously, is shown in Fig. 5 . The number and magnitudes of these outliers were substantially smaller than in Fig. 3 , as expected from the reduction in the eects of spatial variations believed to be involved in the overall data (Sect. 3.2). The regression line passing through the origin corresponds to a coecient of 0.956 0.001 for a total of 4842 points. The magnitude of the improvement of this value compared with that for all balloon directions in Sect. 3.2 would seem to suggest that only a small in¯uence arises from the spatial separation of the two sets of measurements. A still smaller separation of the two sets of measurements was arranged by considering only balloons which passed within 5 km of the radar site. The comparison was then based on measurements over a very limited range of heights, for which the two sets of measurements agreed in time within 2±3 min. For the regression line passing through the origin, a regression coecient of 0.965 0.010 was obtained for a total of 73 points. The larger standard error obscures any improvement over the ®gures obtained for the 20°range of directions. However, the two sets of ®gures indicate that even after the eects of spatial separation have been removed there remains an underestimate of wind velocities by the radar, compared with those derived from balloons, of about 4.5%.
Dependence of systematic dierence on height and direction
The regression coecients derived for balloon trajectories within 20°of the Aberporth-Aberystwyth direction at heights generally below the tropopause (4±7 km), above the tropopause (11±14 km), and at intermediate heights (7±11 km), together with the results for the total height range 4±14 km referred to in Sect. 3.3, are shown in Table 1 . The ®gures for the lowest and upmost height ranges refer to populations of 1400±1500 points and those for the intermediate range to 1950 points. The regression coecient results are generally similar, although those for 11±14 km are slightly larger. On the basis of the results in Sect. 3.3, the greater proximity of the radiosonde and radar measurements at these heights might not be signi®cant, but the greater aspect sensitivity generally observed in the lower stratosphere than the The corresponding regression coecients for the wind components in the two azimuths of the radar beams (i.e. 27.7°and 297.7°East of North) are also included in Table 1 . These two latter sets of results agree with each other to within 1.5%, except for those for the 7±11-km range. The larger values are generally shown by the NE components, except for the 11±14-km height range, and it is of interest to note that these are near the selected balloon trajectories and hence represent the larger wind components. The general consistency between the values in the two azimuths is compatible with the good agreement found between the total wind directions recorded in the radar and balloon measurements.
In¯uence of vertical velocity
Further studies of the measurements for several individual days show that the systematic dierences between the wind pro®les recorded in the wind and balloon measurements persist even when the vertical velocities measured in the radar soundings are omitted. On several days, marked changes in the vertical velocity are observed with increasing height (e.g. Prichard et al., 1995) but no corresponding changes are noted in the systematic dierences between the radar and wind pro®les. Again, an analysis of a data sample rather smaller than in Sect. 3.3 shows little dierence between the radar horizontal wind velocities derived from Doppler measurements for beam pairs at 6°zenith angles in NE±SW and NW±SE azimuths, and those obtained from the more usual combination of Doppler measurements at 6°zenith angles in the NW and NE azimuths and in the vertical direction. On the basis of these tests, it is concluded that any uncertainty in the radar measurements of vertical velocity makes no signi®cant contribution to the dierence between radar and balloon measurements of wind velocity.
In¯uence of aspect sensitivity of radar backscatter
In order to examine the in¯uence of aspect sensitivity of echoes at 6°zenith angle in the present study, the eective angle has been estimated, following Hocking et al. (1986) , using the expression:
in which it is assumed that the two-way polar diagram of the vertically pointing radar is proportional to expÀ sin 2 ha sin 2 h o and the polar diagram of the return from the scatterers is proportional to expÀ sin 2 ha sin 2 h s , where h s can be derived from the power h received for two zenith angles h 1 and h 2 using an expression derived by Hooper and Thomas (1995) from relations given by Hocking et al. (1986) :
In deriving h s values appropriate to a zenith angle of 6°, power measurements at zenith angles of 4.2°and 8.5°w ere employed. Hooper and Thomas (1995) have previously shown that power measurements at these angles and at 6°are often consistent with a single value of h s . Figure 6 shows comparisons of wind pro®les derived from balloon measurements and radar soundings on 23 April 1993 and 4 October 1993. For each of these days, the balloon passed within 20°of the AberporthAberystwyth direction, the winds being associated with low-pressure systems located to the North-East of the UK and near South-East Iceland, respectively. In each case, both the initial radar pro®le and that derived using the calculated height pro®le of h eff are shown. It is seen that the aspect corrected pro®le provides better agreement with the balloon measurements over the height ranges 4.5±7 km and 9±10.5 km on 23 April (Fig. 6a) , but between 7 and 9 km and also 10.5 and 11.5 km the correction actually enhances the positive discrepancy, and below 4 km has little eect. For 4 October, (Fig. 6b) , the aspect correction of the radar measurements improves the agreement with the balloon values over heights of 6.5±11 km but has little eect below about 5 km. Such comparisons of radar and balloon measurements for several individual days show that the correction for aspect sensitivity can improve the agreement between the radar and balloon measurements over limited height ranges. However, it is clear that comparisons of measurements on individual days will be in¯uenced by random errors arising out of a number of factors including spatial and temporal dierences, and the sampling procedures and errors of measurement outlined in Sect. 1. The overall eect of applying the aspect correction to radar measurements on the days on which power measurements were available at zenith angles of 4.2°a nd 8.5°and balloon trajectories passed within 20°of the Aberporth-Aberystwyth direction, is illustrated in Fig. 7 . This shows comparisons of balloon wind speeds with uncorrected and corrected radar wind speeds, based on 18 balloon¯ights, for the height range of 4±14 km after outliers have been removed and the regression lines are constrained to pass through the origin, as described previously. The plots each include a total of about 1100 points. The regression coecient for the comparison prior to correction for aspect, 0.961 0.002, is reasonably consistent with the values shown for this height range in Table 1 . The corresponding result after correction was 1.013 0.002, implying that the inclusion of aspect sensitivity removes the 4% bias and actually results in a small overestimate of the radarbased speeds compared with those from radiosondes, as indicated in the slope of the regression line in Fig.7b .
As already mentioned, these comparisons relate to balloons passing within 20°of the Aberporth-Aberystwyth direction to minimise the eect of spatial variations. However, if this restriction on balloon trajectory direction is removed, a similar improvement is found in the balloon and radar wind comparison when the aspect correction based on power measurements at 4.2°and 8.5°zenith angles is included. For example, the regression coecients for the 4±14-km height range, based on about 2820 points from a total of 47 balloon¯ights, before and after correction are 0.951 0.002 and 1.000 0.002, respectively. It seems, therefore, that the spatial separation of the balloon trajectories and the radar in the present study makes no signi®cant contribution to the systematic dierence between wind speeds observed by the two techniques, the in¯uence of the aspect sensitivity at 6°zenith angles having a dominant in¯uence. However, the separation would certainly contribute to the random dierences between the two types of measurement, as has been demonstrated in comparisons of radiosonde measurements [Sect. 3.2; Jasperson, 1982; Kitchen, 1989) .
Discussion
In the present study, radar and radiosonde wind data extending over 2 years and covering all conditions and seasons were used in order to include a range of climatic conditions. It is clear that the comparisons would cover periods when the two instruments could be measuring very dierent winds because of meteorological variability, but it seems that much of this data would be removed by the exclusion of outliers (Sect. 3.2). Because of the locations of the Aberporth radiosonde station and the radar system near the West coast of Wales, it might have been expected that temporal and spatial variations in the lee of mountains could be signi®cant. In this connection, it has been found that large vertical velocities above the radar site associated with mountain waves are commonly associated with both westerly and easterly low-level winds (Prichard et al., 1995) . However, as mentioned in Sect. 3.5, large vertical velocities associated with such waves seem to have little in¯uence on the systematic dierence between radar and balloon wind speeds.
From Sect. 4 it appears that the error in the eective pointing angle arising from the aspect sensitivity of echoes observed at a nominal zenith angle of 6°is largely responsible statistically for the underestimates in the radar measurements of wind speeds compared with those derived from radiosondes; the comparisons for individual days are in¯uenced by random errors but the application of the pointing angle correction is found to improve the agreement between the radar and balloon measurements over limited height ranges. Steinhagen et al. (1994) have reported that the application of an aspect sensitivity correction, by means of Eqs. 1 and 2, resulted in good agreement between average radar pro®le measurements and radiosonde data over a 12-day period. However, in applying this correction they used power measurements at the nominal zenith angle of 7°used for the wind measurements and in the vertical direction. From a comparison of radiosonde and radar wind measurements, using vertical and 6°o-vertical beam directions as in the present study, Astin and Thomas (1991) estimated eective beam pointing angles. The corresponding angles derived from a comparison of echo power measurements in the vertical and 6°o-vertical directions showed marked discrepancies. As demonstrated by Hooper and Thomas (1995) , the use of the power in the vertical direction will generally provide too small a value of h s from Eq. 2, then too small a value of h eff from Eq. 1, and, hence, too large a correction to the horizontal wind speeds.
The selection of balloon trajectories to be within 20°of the Aberporth-Aberystwyth direction in Sects. 3.3 and 3.4 implies that the wind was close to the 27.7°E ast of North azimuth of one of the radar beam directions used in the wind measurement, and approximately perpendicular to that at 297.7°East of North azimuth. From the regression coecients derived for these two azimuths, in Table 1 , it is seen that the discrepancy for most height ranges is generally larger in the latter azimuth. If the underestimates of radar wind speeds are, indeed, due to the eect of aspect sensitivity, the relatively larger discrepancy in the direction approximately transverse to the mean wind would seem to be inconsistent with the report of Yoe et al. (1994) that the aspect sensitivity is more marked for radar beams directed parallel to the horizontal¯ow in jet streams than in other beam directions. However, these workers, like Steinhagen et al. (1994) , based their assessment of aspect sensitivity on considerations of power measurements at zenith angles of 7°and the vertical. A parallel study here has shown that although the power at zenith angles of 4.2°, 6°and 8.5°sometimes showed a dependence on azimuth, the ratio of powers at 4.2°and 8.5°at such times did not. Therefore, the ratio of such powers at the intermediate azimuth 342.7°East of North provided an appropriate value of h eff . It is to be noted also that whereas the study of Yoe et al. (1994) was directed towards jet-stream conditions, the present statistical study relates to all conditions over a 2-year period.
Of the other reports of underestimates of radar wind measurements compared with balloon values, the most striking is that of Kessler et al. (1986) . Radar wind observations at 50 MHz were used in a total of 50 comparisons with radiosonde wind measurements, showing very substantial underestimates in wind speed but generally good agreement in wind direction. For these measurements, the nominal zenith angles employed were near 15°and the eect of aspect sensitivity would not be expected at such large angles. An extensive comparison over a 2-year period of radar measurements at 915 MHz and radiosonde measurements of wind velocity has been described by Weber and Wuertz (1990) . They report that the wind pro®ler measurements gave average wind speeds 0.5±1.0 m s ±1 lower than the radiosonde measurements. Sato and Woodman (1982) have stated that aspect sensitivity is not important at 430 MHz. The higher frequency of the radar of Weber and Wuertz, and their use of beam zenith angle of 15°, would therefore seem to rule out aspect sensitivity as an explanation for their smaller underestimates of radar wind speed.
Conclusions
Horizontal wind speeds, derived from radar measurements at nominal zenith angles of 6°and in the vertical direction over a 2-year period show underestimates of 4±6% compared with simultaneous radiosonde values. A comparison of the radar and radiosonde measurements in the two orthogonal azimuths employed in the radar measurements has revealed that similar biases occur in the wind components in these two azimuths, which is consistent with the good agreement shown by the radar and radiosonde measurements of wind direction. Comparisons based on selected balloon trajectories have shown that the underestimate is not due to the separation of the two types of measurement. It is also shown that any uncertainty in the vertical velocity makes no signi®cant contribution to the bias. The aspect sensitivity at a zenith angle of 6°has been examined using co-ordinated measurements of radar echo power at 4.2°and 8.5°. It is found that the correction of the nominal zenith angle for this aspect sensitivity provides improved agreement between the radar and balloon wind speeds, both statistically and for certain height ranges on individual days.
